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One-dimensional Excitations in Superfluid 4He and 3He-4He Mixture Films Adsorbed in Porous
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A normal-fluid component varying as T2 is observed at very low temperatures in superfluid 4He and
3He-4He mixture films adsorbed in alumina powder. The normal fluid appears to arise from thermally
excited third sound that has one-dimensional propagation characteristics. A Landau model of third sound
excitations in an infinite cylindrical pore by Saam and Cole provides good agreement with the experimental
measurements over a wide range of 4He and 3He coverages. However, it is unclear why the powder
substrate can be modeled as having cylindrical pores.
PACS numbers: 67.70.+n, 67.40.Db, 67.40.Rp, 67.60.Fp
I. INTRODUCTION
The Landau theory of superfluid 4He has been very suc-
cessful in explaining the observed normal fluid density of the
liquid in terms of the thermal excitations, the phonons and
rotons.1,2 At low temperatures only phonons are thermally ex-
cited, and a well-known result of the Landau theory is that the
normal fluid density ρn should then vary with temperature as2
ρn =
2 pi2
45
(
k4B
h¯3 c5
1
)
T 4 . (1)
Here c1 the velocity of first sound. Experimental mea-
surements at low temperatures are consistent with this ex-
pression for the normal fluid density3,4, and an analogous T3
dependence of the specific heat from the excited phonons is
measured.5
For two-dimensional (2D) helium films on a flat substrate,
the comparable excitations are propagating thickness oscil-
lations, known as third sound.6 Density-functional theories7
of thin films show that these excitations are well-defined and
have linear dispersion even for typical thermal wavelengths of
order tens of A˚. Applying the Landau model to this case gives
an areal normal fluid density
σn =
2 pi2
34.4
(
k3B
h¯2 c4
3
)
T 3 (2)
where c3 is the third-sound velocity. This T3 variation has
been observed in measurements on helium films adsorbed on
flat substrates.8,9
However, measurements of the normal-fluid density of he-
lium films adsorbed in fine porous materials do not show the
expected 2D behavior as above. This was observed in earlier
measurements of films adsorbed in porous Vycor glass10 and
in porous silica,11 and is also seen in our measurements us-
ing an alumina powder substrate.12,13,14,15 For these substrates
the normal-fluid density is found to vary as T2, indicative of
a one-dimensional (1D) thermal excitation. Computing the
Landau theory for a 1D thickness oscillation yields for the
normal-fluid density per unit length λn,
λn =
pi
3
(
k2B
h¯ c3
3
)
T 2 . (3)
This is also the limiting result found by Saam and Cole16 for
third sound excitations in an infinitely long cylindrical pore.
For a small pore diameter and very low temperatures the only
modes excited are those propagating along the cylinder axis,
since the modes transverse to the axis can only have wave-
lengths smaller than the pore diameter, and consequently high
frequencies that make them energetically unfavorable at low
T.
Since the torsion oscillator technique used in our experi-
ments actually measures the superfluid mass per unit area, it
is necessary to relate the linear and areal densities by assum-
ing that the propagation is along a cylindrical pore of average
diameter Dp, for which λn = σn piDp. The normalized areal
superfluid density is then
σs(T )
σs(0)
= 1− σn(T )
σs(0)
= 1− β′ T 2 (4)
where the coefficient of the T2 term is
β′ =
k2B
3 h¯ Dp c33 σs(0)
. (5)
In this paper we show that the Landau model for 1D excita-
tions provides good agreement with our low-temperature mea-
surements of the normal-fluid density in 4He and 3He-4He
mixture films adsorbed on a porous substrate.
II. EXPERIMENT
The substrate used in our measurements is an Al2O3 pow-
der of nominal diameter 500 A˚. A slip-casting technique17
uses the surface tension force of water draining out of the pow-
der to tightly pack the smaller powder grains into the voids
2FIG. 1: Areal superfluid density versus temperature for two pure 4He
films (solid dots) with d4 = 0.50 and 0.38 layers (upper and lower
curves), and four 3He-4He mixture films (open circles) with d3 =
0.13 layers and (top to bottom) d4 = 0.61, 0.49, 0.37, and 0.31 layers
around larger grains. This leads to a relatively low sample
porosity (ratio of the open volume to the total volume) of P
= 0.59. A standard estimate18 of the pore size of our samples
based on the porosity yields 105 A˚. The volume of the sample
is 5.07 cm3, and its surface area is 146 m2.
The helium samples are condensed into the cell from mea-
sured amounts of gas at room temperature, while the cell is
maintained below 0.5 K with a dilution refrigerator. The fill-
ing capillary of inside diameter 0.25 mm is 1 m long and is
not thermally anchored except at 4.2 K and the sample cham-
ber. After condensing 3He the sample is warmed to 4.2K for
24 hours to anneal the sample and assure uniform coverage
of the 3He.19 This step is not necessary when adding further
superfluid 4He. To characterize the helium coverages we take
one layer of 4He to be 12.8 µmoles/m2 and one layer of 3He
as 10.7 µmoles/m2, corresponding to the bulk liquid densities
at low pressure. For the first few layers of the film this will be
an overestimate of the actual number of atomic layers, since
these are closer to the solid density due to the attractive sub-
strate potential, but it should be a reasonable approximation
for the top layer or two farthest from the substrate. We find
that the first 2.7 layers of 4He are not superfluid at any tem-
perature, forming the inert ”dead” layers known from earlier
investigations.6 We define a 4He thickness d4 as the thickness
in excess of the dead layer; d4 is then the thickness of the
superfluid portion of the film at T = 0, with no 3He added.
A torsion oscillator is employed to determine the superfluid
mass of the film, as described in Refs. 12 and 15. By measur-
ing the extrapolated T = 0 period shift of the oscillator as a
function of the mass of the helium added the areal superfluid
density of the films can be calibrated.
FIG. 2: Areal superfluid density at low temperatures for a film of
pure 4He (from Ref. 15) with a superfluid thickness of 0.55 layers
and TKT = 453 mK. The solid line is the fit to Eq. (4).
III. RESULTS
An example of our data for the areal superfluid density
of both pure 4He and 3He-4He mixture films is shown in
Fig. 1. Further data can be found in References 12,13,14,15.
As shown by the correspondence with the critical Kosterlitz-
Thouless (KT) universal line in this data, the superfluid tran-
sition of the films is mediated by thermally excited vortex ex-
citations. There is no sharp drop of the superfluid density to
zero at the temperature TKT where the data crosses the KT
line because of the finite pore size of the substrate,20which
acts to broaden the transition region. The small glitches in the
data of Fig. 1 are due to the third-sound modes of our cylin-
drical cell, which couple weakly to the torsional mode. The
glitches mark the mode-crossing points where the the third-
sound frequencies match the torsional frequency as the super-
fluid density decreases with temperature.
Of interest in the present paper is the low-temperature
regime of the data, T ≤ 0.5 TKT , where the density of ther-
mally excited KT vortex pairs is negligible. In this regime the
data can be accurately fit to the form of Eq. (4), and values
of β′ can be extracted. Figure 2 shows the low-temperature
region for one data set of pure 4He from Ref. 15, where the
solid line shows the two-parameter fit with values of β′ = 0.36
K−1 and σs(0) = 2.565 ng/cm2. More general fits including
terms linear and cubic in T were tried, but the fit coefficients
for such terms were negligibly small. Figure 3 shows the val-
ues of β′ obtained for a series of pure 4He films12 of different
thickness, plotted versus d4. Also plotted in Fig. 3 are the un-
published results of McQueeney21 for a similar set of films in
porous Vycor glass. Both show a fairly rapid increase in β′ as
d4 (and Tc) is reduced, with the Vycor data being about a fac-
tor of two larger than the alumina powder results. The higher
values found in the Vycor sample are roughly consistent with
Eq. (5), which predicts that β′ should scale as the inverse of
3FIG. 3: The coefficient β′ of the T 2 term as a function of the super-
fluid thickness for pure 4He films. The open circles are the porous
Vycor glass data of Ref. 21.
the average pore diameter: the pore diameter of the Vycor is
thought to be about 75 A˚, while as noted above the average
pore diameter of our slip-cast sample is of order 100 A˚. The
scaling with the inverse pore size also accounts for the consid-
erably larger values of β′ seen with porous silica substrates11
having 25 A˚ pores, causing the T 2 term to dominate the su-
perfluid density over nearly the entire temperature range up to
the superfluid transition temperature.
In Fig. 4 our β′ data is plotted for 3He-4He mixture films,
where the 3He thickness d3 is held constant and d4 is var-
ied by adding further 4He. The values of β′ are considerably
increased with the addition of 3He, something which is read-
ily evident comparing the mixture film curves in Fig. 1 with
the curves for pure 4He at the lowest temperatures. The er-
ror bars reflect the increasing uncertainties in the fits as Tc is
reduced with increasing 3He coverage, which puts an increas-
ingly smaller fraction of the data at temperatures below 0.5
TKT . The largest error bar in Fig. 4, for the film with d4 =
0.55 and d3 = 0.73, comes from the fits to the lowest curve in
Fig. 1 of Ref. 15. With TKT = 139 mK for this data only a few
points are available in the low-temperature regime for making
a rough estimate of β′.
The fits to the data also give the T = 0 value of the areal
superfluid density, shown in Fig. 5 as a function of d4. As
expected the variation is linear in the 4He coverage, but the
addition of 3He suppresses some fraction of the superfluid
density. Curves very similar to this have been observed for
mixture films on flat Mylar substrates22.
To compare the data of Fig. 4 with the Landau model of
Eq. (5), it is necessary to measure the third-sound velocity.
This can also be obtained from the torsion-oscillator data, due
to the third-sound glitches noted above. These third-sound
resonances are even more visible as dissipation peaks in the
inverse Q factor of the oscillator, measured by monitoring the
drive voltage needed to keep the amplitude of the oscillator a
FIG. 4: β′ for 3He-4He mixture films as a function of the 4He super-
fluid coverage . The solid curves are the Landau theory of Eq. (5).
constant. Examples of this data are shown in Fig. 3 of Ref. 12.
For the cylindrical sample geometry with radius R and length
Lz , and taking the boundary condition that there be no heat
flow from the outer surfaces of the powder sample, the reso-
nant frequencies of the third sound are given by
ωmnnz =
c3
2
√(
α′mn
piR
)2
+
(
nz
Lz
)2
(6)
where α′mn is the nth zero of the derivative of the Bessel
function Jm. The geometrical factors are known, and hence
the third sound velocity can be determined from the oscilla-
tor frequency. Since the resonances are determined by the
mode-crossing condition they occur at different temperatures
for each mode, and in order to compare them the velocities are
multiplied by the factor
√
σs(0)/σs(T ), to extrapolate to the
T = 0 value. It is found that the lowest five modes of a given
film yield the same low-temperature speed to within about 5%
, and the average value is taken. The third sound speed c3 is
that for the film in the porous medium, and is smaller than that
for the same film on a flat substrate by the index of refraction
that accounts for the tortuosity of the multiply-connected film
on the powder grains.23 This can be deduced from the change
in slope of the oscillator’s period shift versus added helium
when the film becomes superfluid; for the present slip-cast
sample the index of refraction was 1.67.
Figure 6 shows the extrapolated third sound speeds at T
= 0 versus superfluid film thickness for the pure 4He films
and for two mixture film sets. The variation with superfluid
thickness is just that expected for these very thin films where
the Van der Waals restoring force dominates: a variation as√
d4 at small d4, and then a turnover towards a maximum at
larger thickness as the restoring force diminishes with increas-
ing total film thickness. The addition of 3He lowers the third
4FIG. 5: Zero-temperature superfluid areal density as found from the
fits of the data to Eq. (4).
sound velocity since the superfluid density is decreased,24 as
in Fig. 5.
From the data shown in Figs. 5 and 6 the predicted coeffi-
cient β′ of Eq. (5) can be evaluated for each of the film thick-
nesses shown in Fig. 4; the solid lines in the figure are spline
fits to the resulting values. Dp in Eq. (5) was adjusted to get
the best match to the data, and the resulting value of 48 A˚ is
at least roughly consistent with our estimated pore size of 100
A˚. As can be seen in Fig. 4 the agreement with the Landau ex-
pression for 1D excitations is quite good for the entire range
of 4He and 3He coverages, considering that only the single
parameter Dp was adjusted to get the agreement.
IV. DISCUSSION
Although the Landau theory provides a good description
of the experimental results, the reasons why the excitations
display one-dimensional behavior in the geometry of the slip-
cast powder remain unclear. In the theory of Saam and Cole16
the cylindrical geometry with pore length much greater than
the diameter is crucial to the appearance of 1D behavior at low
temperatures. There is no obvious reason why the pores in the
powder can be modeled in this fashion. The frequency of third
sound with energy kBT at a temperature of 0.3K is kBT/2pih¯
= 1x1010 Hz, corresponding to a wavelength of order 20 A˚.
This is smaller than the pore diameter, and one might expect
instead 2D propagation characteristics for that case, as seen on
the flat substrates. An unknown factor is the mean free path of
the high-frequency third sound, which could well be less than
the pore size.
One consideration which might be important is the orien-
tation of the pores with respect to the direction of the super-
flow imposed by the torsional motion. Quasi-cylindrical pores
FIG. 6: Third sound velocities extrapolated to T = 0.
whose axis is parallel to the motion contribute considerably
more to the measured superfluid fraction than those perpen-
dicular to the motion; this is the origin of the index of re-
fraction for the porous materials. If the third-sound scatter-
ing process which transfers momentum to the substrate is also
anisotropic in the cylindrical channel, such that only propaga-
tion directions along the axis contribute, this could give pos-
sibly lead to a 1D behavior of the superfluid density.
A further possibility is that the points where the grains
make contact with each other may play a role. All of the
flow between the grains is channeled into these regions, which
are probably smaller in extent than the ≈ 20 A˚ thermal third-
sound wavelength. They would effectively be 1D channels,
and since the flow velocity is locally much higher than the
average, these regions might account for a disproportionate
share of the reduction of the superfluid density. It is clear that
further theoretical work modeling superflow and third-sound
propagation in a porous multiply-connected geometry will be
needed to understand the observed effects.
An additional experimental signature of 1D propagation
would be a low-temperature heat capacity linear in T . The
Landau model yields for N cylindrical pores of length L a heat
capacity
C = NL
(
pik2B
6h¯c3
)
T , (7)
which is also the low-temperature limit of the calculation of
Saam and Cole. However, experiments on superfluid films in
Vycor over the the thin-film range of coverages discussed here
show heat capacities varying more as T 2. The heat capacity is
a more complicated quantity which also has considerable con-
tributions from the ”dead” layers, and this may be obscuring
the contribution from the 1D third sound excitations.
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